Introduction
Cholic acid (CA) and chenodeoxycholic acid, primary bile acids, are synthesized from cholesterol in hepatocytes to be excreted as glycine and taurine conjugates, respectively, into the duodenum via the bile duct.
In the intestinal lumen, deconjugation of the amino acid moieties, dehydroxylation and isomerization of those 7α-hydroxy groups produces secondary bile acids, deoxycholic acid, lithocholic acid and ursodeoxycholic acid through the action of resident bacteria. Bile acids are reabsorbed in the ileum-proximal colon and returned to the liver via the portal vein. Through the formation of mixed micelles, bile acids assist in the absorption and lipolysis of fats in the intestinal lumen throughout this enterohepatic circulation.
Prior to conjugation with glycine and taurine, the carboxy groups of the bile acids must be activated by hepatic bile acid acyl-CoA synthetases, transforming them into the corresponding coenzyme A thioester (CoA). 1, 2 This enzyme system, existing in a distinct compartment from fatty acid-CoA synthetases, 3 is localized to hepatic microsomal fractions. [4] [5] [6] [7] The reaction mechanism governing the biosynthesis of fatty acyl-CoA proceeds via a ping-pong mechanism. [8] [9] [10] [11] [12] [13] The first step is the transfer of an adenyl group to form an acyl-adenylate (AMP) and pyrophosphate. The acyl-CoA is then formed by displacing the AMP moiety with coenzyme A. 8 The carboxylic acid derivatives (benzoic acid, 14 phenylacetic acid 15 and 4-chlorobenzoic acid 16 ) may also be condensed by AMP during the biosynthesis of those acyl-CoAs. Kelley and Vessey, utilizing a kinetic approach to study the reaction mechanism governing the biosynthesis of CA-CoA by hepatic enzymes, suggest that this pathway is similar to that of fatty acyl-CoA synthesis. 17 The reaction catalyzed by bile acid acyl-CoA synthetases may follow the same bi uni uni bi ping-pong mechanism, in which ATP binds to the enzyme first. The preferential formation of CA-AMP precedes the production of the CA-CoA in incubation mixtures of rat liver microsomal fractions. 18 Studies addressing the mechanism of acyl-CoA biosynthesis are performed utilizing radiochemical or enzymatic methods by monitoring the final product, acyl-CoA, not the intermediate, acyl-AMP.
To identify the biosynthetic mechanism, it is necessary to observe the presence of both acyl-AMP with the substrate and acyl-CoA in the incubation mixture. We utilized a sensitive, selective detection method employing liquid chromatography/electrospray ionization mass spectrometry (LC/ESI-MS) to simultaneously identify CA, CA-AMP and CA-CoA in incubation mixtures of hepatic enzyme preparations. It has been proposed that acyl adenylate is first formed during activation of the carboxy group into the acyl CoA thioester, an intermediate in the formation of amino acid conjugates. Acyl CoA synthetases may be responsible for this acyl adenylate formation. Recently, we hypothesized the preferential formation of cholic acid adenylate, a major bile acid, preceding production of the corresponding CoA thioester in incubations with rat liver microsomal fractions. To verify this biosynthetic mechanism, monitoring of the incubation mixture of acyl adenylate together with both substrate and acyl CoA thioester is needed. We have developed a detection method for the simultaneous detection of these cholic acid derivatives utilizing liquid chromatography/electrospray ionization mass spectrometry. The CoA thioester of cholic acid forms a chelation complex with the divalent cations remaining on the silica gel packed into the analytical column. Both the addition of a chelating agent, such as EDTA, to the mobile phase and an adjustment of the mobile phase pH to a weak alkaline effectively removed such chelate formation, producing a sharp CoA thioester peak. For a simultaneous mass spectrometric analysis of cholic acid, the corresponding adenylate and CoA thioester, the combined use of a 300 Å particle diameter ODS column and 20 mM ammonium acetate buffer (pH 9.0)/2-propanol/acetonitrile as the mobile phase have been proved to be preferable. To avoid any degradation of the chemically unstable adenylate produced in the incubation, we employed a direct injection of the sample onto a preconcentration column. The obtained results indicated a high sensitivity of this method. 
Experimental

Materials
CA, AMP, coenzyme A, phenylmethylsulfonyl fluoride (PMSF), adenosine 5′-triphosphate disodium salt (ATP), ethylenediamine tetraacetic acid disodium salt, ethylenediamine and glycylglycine were purchased from Nacalai Tesque Inc. (Kyoto, Japan). Ursodeoxycholic acid, used as an internal standard (IS), was kindly donated by Mitsubishi-Tokyo Pharmaceutical Co. (Tokyo, Japan). CA-adenylate (CA-AMP) and CA-CoA (Fig. 1) were synthesized in our laboratory by a previously reported method. 18 All glassware used was silanized with trimethylchlorosilane, and other chemicals and solvents were of analytical grade. Water from a Millipore water filtration system (Milli QUV Plus) was used to prepare the mobile phase.
Apparatus
Liquid chromatographic separation was carried out using a Nanospace SI-1 solvent delivery system (Shiseido, Tokyo) equipped with a UV detector set at 259 nm. Analysis by LC/MS was performed with a JMS-LCmate double-focusing magnetic mass spectrometer (JEOL, Tokyo) equipped with an ESI system in the negative-ion detection mode. The resolution of the mass spectrometer was set at 750, and the voltages for the electrospray, orifice, and ring lens were -2. 
Preparation of rat liver microsomal fraction
The microsomal fractions were prepared as follows. Male Wistar rats (200 -250 g), given a commercial pellet diet and water ad libitum, were used. The animals were fasted overnight and then killed. After washing with 1.15% potassium chloride, the liver (8 g wet weight) was minced and homogenized in 3 volume of ice-cold 0.1 M Tris-HCl buffer (pH 7.4) containing 0.25 M sucrose and 1 mM ethylenediamine tetraacetate. The homogenate was centrifuged at 9000g for 20 min, followed by further centrifugation at 105000g for 60 min. The resulting pellets were suspended in 0.1 M Tris-HCl buffer (pH 7.4) (10 mg protein/mL) containing 0.25 M sucrose and 1 mM ethylenediamine tetraacetate, and stored at -20˚C. The whole procedure was carried out at 0 -4˚C. The protein concentration was determined by a method of Bradford using bovine serum albumin as a standard. 19 
Calibration curves
Standard stock solutions containing 0.1 mg/mL of CA, CA-AMP and CA-CoA were prepared in a solution of 1 mM AcOH/acetonitrile (1:1). The standard samples for calibration were prepared in 1 mM AcOH/acetonitrile (1:1) at 10, 25, 50, 100, 250, 500, 1000 ng/mL of each CA derivative by dilution of the standard stock solutions. A solution of IS containing 0.4 µg/mL was prepared in acetonitrile. For a recovery test, 10 ng or 100 ng each of the CA derivatives with 40 ng of IS was added to 200 µL of an incubation mixture containing 100 µL of 0.4% phosphoric acid and 4% trichloroacetic acid. After centrifugation at 3000 rpm for 10 min, a supernatant was injected into an LC/MS system through a Hi sep ISRP trap cartridge.
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Results
Acyl-adenylate underwent hydrolysis quickly to liberate the parent carboxylic acid and AMP at physiological pH. In the absence of CoA, ATP is formed by the incubation of palmitoyl-AMP with pyrophosphate in the presence of acyl-CoA synthetases.
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A detection method for identifying the simultaneous presence of the substrate, acyl-AMP and acylCoA together with both high accuracy and sensitivity is necessary to clarify the biosynthetic mechanism of acyl-CoA action. Despite strong UV absorption at 259 nm of the chromophore, due to the adenosine moieties within CA-AMP and CA-CoA, CA itself does not possess a signal group detectable by liquid chromatography. These CA derivatives, however, have acidic moieties, capable of producing negative ions in an ESI-MS analysis.
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Employing LC/ESI-MS with an ODS-type stationary phase having a particle diameter of 120 Å and utilizing 10 mM ammonium acetate buffer (pH 6.0)/methanol (5:9, v/v) as a mobile phase, we demonstrated the formation of CA-AMP in incubations of CA with rat liver microsomal preparations.
These analytical conditions are not favorable to quantitate trace levels of CA-CoA. An injection of less than 100 ng CA-CoA into the LC/ESI-MS system resulted in a very broad peak; CA and CA-AMP give distinct, narrow peaks under the same conditions (Fig. 2) . The same phenomenon is observed with clofibric-CoA utilizing a weakly acidic mobile phase. 21 Effective liquid chromatographic resolution of acyl-CoAs has been obtained using a mixture of phosphate buffer with various organic modifiers as a mobile phase. 5, 22, 23 The di-and triphosphated adenosine derivatives, ADP and ATP, form chelating complexes with metals. The CoA moiety possesses the same phosphate group, suggesting that this type of tailing results from chelation of the CoA moiety, and either additional metals in the liquid chromatographic device or residual divalent cations are retained on the silica gel.
We investigated the effects of chelating agents on the peak shape of CA-AMP and CA-CoA utilizing various chelating agents in an aqueous acetonitrile mobile phase ( Table 1 ). The addition of EDTA resolved the peak of CA-CoA without changing the capacity factor. Ethylenediamine affected the peak shape of CA-CoA only, making the capacity factor increase further by 3-fold. We observed the same increase in the capacity factor for CA-AMP, possibly resulting from the formation of an ion pair between lipophilic ethylenediamine and CA-AMP. Ammonium bicarbonate, used to separate bile acid-AMP and -CoA, 24 demonstrated a similar result in the peak shape when using EDTA, although the capacity factors of both CA-CoA and CA-AMP were reduced. These results suggest the chelation of CA-CoA with residual divalent cations in the chromatographic system, contained with the silica gel packed in 1039 ANALYTICAL SCIENCES SEPTEMBER 2001, VOL. 17 Although, EDTA, a non-volatile substance, has the characteristic of reducing the chelation described above, EDTA in a mobile phase is not suitable for LC/MS analysis. Ammonium bicarbonate lacks stability of pH in the mobile phase during sequential analysis, resulting in retention time instabilities during analysis. The formation of chelating complexes is highly influenced by the pH. In addition, chelation may be mediated by the amide nitrogen of the CoA moiety; CA-AMP, which has no such partial structure, does not display tailing. Therefore, a mobile phase with a weak alkaline pH is effective to reduce the chelation of CoA and divalent cations.
Next, we investigated the effect of the mobile-phase pH on the peak shape of CA-AMP and CA-CoA ( Table 2 ). The tailing and capacity factor of both CA-CoA and CA-AMP decreased with increasing pH. The use of 20 mM ammonium acetate buffer (pH 9.0) gave similar results to that observed with 20 mM ammonium bicarbonate (pH 5.8). The resolution of both CA-AMP and CA, the substrate in CA-CoA synthetases, could not be attained under these separation conditions (Fig. 3(A) ). Mass spectrometry of CA-AMP gives a negative deprotonated ion base peak at m/z 736, [M-H] -with a weak fragment ion at m/z 407. The mass value of this fragment ion is identical to a deprotonated fragment ion of CA, the monitoring ion for the substrate.
Because the organic modifier in the mobile phase alters the elution of bile acids, 25 we examined the influence of various alcohols on elution when utilized instead of acetonitrile. The addition of 2-propanol in the mobile phase changed the elution order of CA, CA-AMP and CA-CoA; 2-propanol also increased the capacity factor of CA (Fig. 3(B) ). These conditions also lowered the resolution of CA-AMP and CA-CoA. The pore size of the silica gel also influences the gel filtration efficiency; a stationary phase utilizing a larger pore size may delay the elution of compounds with larger molecular weights. Because CA-CoA is the largest (mw. 1158.10) of these three compounds, a Capcell Pak C18 UG 300 Å column (150 mm × 1.0 mm i.d.) was used to separate these CA derivatives. The use of 20 mM ammonium acetate (pH 9.0) / 2-propanol / acetonitrile with acetonitrile to remove the column pressure demonstrated sufficient resolution (Fig. 3(C) ), allowing the detection of trace levels of these three compounds. We observed good linearity for an injection amount within the range of 1 ng to 100 ng for CA, CA-AMP and CA-CoA (Fig. 4) . The correlation factors were r = 0.9999 for CA, r = 0.9993 for CA-AMP and r = 0.9998 for CA-CoA.
Next, we detected the simultaneous presence of CA, CA-AMP and CA-CoA in the incubation mixture under the described LC/MS conditions. Because CA-AMP is unstable, breaking down to the parent CA, a simple and quick pretreatment of samples is essential. The mixture of CA derivatives and hepatic enzyme preparations, including ursodeoxycholic acid as an IS, was injected directly into a preconcentration column fitted in a Reodyne sample loop. We determined the lower detection limit Table 2 Effect of pH of the mobile phase on the capacity factor and the peak asymmetry of CA-AMP and CA-Co a. As = b/a, where a and b are, respectively, the widths of the front and back of a peak measured at 10 % peak height from base line. for CA, CA-AMP and CA-CoA by the proposed method to be 10 pg, 260 pg and 220 pg as an injection amount with S/N of 5, respectively. We constructed a calibration graph by plotting the ratio of the each CA derivative peak-area to that of the IS vs. the weight ratio of the CA derivatives to the IS. We observed good linearity (CA y = 0.02033x -0.00981, r = 1.000; CA-AMP y = 0.003749x -0.00268, r = 1.000; CA-CoA y = 0.002659x -0.00128, r = 1.000) in the range of a 1 ng -100 ng/injection. When known quantities of the CA derivatives (each 10 ng and 200 ng) were added to incubations with rat liver microsomal fractions, estimations of the recoveries demonstrated that all of the CA derivatives were recovered in significant amounts (CA 101.0%, CA-AMP 100.3%, CA-CoA 100.0%). The chromatograms of 100 ng each of the CA derivatives and IS spiked in microsomal preparations were depicted in Fig. 5 . Peaks corresponding to CA, CA-AMP and CA-CoA were observed without interference on the chromatogram, indicating the reliability and accuracy of the proposed method.
Discussion
The ATP and ADP phosphate groups mediate various physiological processes by forming a complex with Mg 2+ . 26 EDTA, a Mg 2+ chelator, reduces the activity of acyl-CoA synthetase purified from rat liver microsomal fractions, suggesting a positive role for Mg 2+ in this reaction. 7 Mn 2+ mediates higher reaction rates than Mg 2+ ; no measurable activity is observed in the presence of 1 mM EDTA. 17 These observations suggest that the phosphate moiety is crucial in the production of the ATP-enzyme complex via chelation. AMP has also been known to competitively inhibit the binding of ATP to an active site; in addition, acyl-CoA binds to the binding site, 17 whereas CA binds a distinct site. 27 The CoA group has a phosphate group similar to ATP, suggesting a link to the chelation of metals retained on silica gel and to the strong adsorption on stationary phases. HPLC analysis of less than 50 ng (43 pmol) of CA-CoA utilizing 20 mM ammonium acetate buffer (pH 5.8)/acetonitrile (40:17) as the mobile phase results in a lack of peaks on the chromatogram. HPLC stationary phases include residual metals, such as sodium, magnesium, aluminum, calcium, titanium and iron, at levels of a few ppm. Using this hypothesis, 1 ppm of magnesium in a column of 1.0 mm i.d. × 150 mm dimensions, containing approximately 70 mg of silica gel, corresponds to 3.5 µg of CA-CoA. A divalent cation forms a chelation complex with a lone pair of carbonyl groups and a nitrogen atom. Peptides, containing repeated amide bonds, are also known to give a tailed peak at weak acidic or neutral pH. CA-AMP, which displays a sharp peak under the same conditions, lacks an amide bond. Therefore, the amide bond on the CA-CoA molecule may act as a ligand, producing a chelation complex with the residual metals in the stationary phase. An alkaline pH significantly reduces the severe tailing of the peak, commonly observed with acidic and neutral mobile phases.
The analytical conditions established in this study allow the sensitive detection of CA, CA-AMP and CA-CoA together in an incubation mixture by LC/ESI-MS. Acyl-AMP derivatives, highly active molecules, easily liberate the corresponding parent carboxy compounds. The proposed method utilizes the direct injection of a sample onto a preconcentration column, giving more reliable results. Further studies clarifying the reaction mechanism of CA-CoA biosynthesis employing this method are currently being conducted. 
